Objective: To assess the safety and efficacy of once-daily (QD) adjunctive eslicarbazepine acetate (ESL). Methods: This post-hoc pooled analysis of three randomized, placebo-controlled trials (2093-301, -302, -304) involved adults with refractory partial-onset seizures (POS) receiving 1-3 antiepileptic drugs (AEDs). All studies included 8-week baseline, 2-week titration, and 12-week maintenance periods. Patients were randomized equally to placebo, ESL 400 mg (studies 301, 302), 800 mg, or 1200 mg QD. The primary endpoint was standardized seizure frequency (SSF; per 4 weeks); secondary endpoints included responder rates (maintenance period), and incidence of treatment-emergent adverse events (TEAEs), TEAEs leading to discontinuation, serious AEs (SAEs), and deaths. Results: The safety and efficacy analysis populations totaled 1447 and 1410 patients, respectively. SSF was significantly reduced versus placebo with ESL 800 mg (p = 0.0001) and 1200 mg (p b 0.0001) but not 400 mg (p = 0.81). There were no significant interactions between treatment effect and age, gender, race/ethnicity, geographic region, epilepsy duration, or concomitant AED use. Incidences of TEAEs and TEAEs leading to discontinuation increased with ESL dose. Incidences of the most frequent TEAEs were lower for patients who initiated dosing at 400 versus 800 mg QD, regardless of titration regimen and maintenance dose. SAE incidence was b10%; there were 3 deaths (placebo, n = 2; ESL 800 mg, n = 1). Conclusions: ESL (800 and 1200 mg QD) was effective and well tolerated as adjunctive therapy for adults with refractory POS.
Introduction
Despite the availability of a wide range of antiepileptic drugs (AEDs), some patients fail to achieve adequate seizure control and/or experience intolerable adverse reactions [1] [2] [3] . Therefore, there remains a need for new treatment options for patients with refractory epilepsy.
Eslicarbazepine acetate (ESL; Aptiom®, Sunovion Pharmaceuticals Inc., Marlborough, MA; Zebinix®, BIAL -Portela & C a , S.A., S. Mamede do Coronado, Portugal) is a once-daily (QD) oral AED approved for the treatment of partial-onset seizures (POS). Four phase III randomized, controlled trials evaluated adjunctive ESL for patients with refractory POS (BIA-2093-301, -302, -303, -304) [4] [5] [6] [7] . Data pooled from studies 301, 302, and 303 were the basis of the Marketing Authorisation Application to the European Medicines Agency for ESL, and a pooled analysis of this data has been previously reported by Gil-Nagel et al. [8] . The results of study 303 were consistent with those of studies 301, 302, and 304, but were not included in the current analysis (which was submitted as part of the US Food and Drug Administration New Drug Application for ESL), as study 303 was deemed not in accordance with Good Clinical Practice (GCP) standards.
We report here a post-hoc analysis of data pooled from studies 301, 302, and 304. Study 304 [7] is the only adjunctive ESL trial to include North American patients, and data from this trial were not included in Gil-Nagel et al.'s pooled analysis of data from phase III trials of adjunctive ESL [8] . The large sample size created by pooling data allows evaluation of treatment effects in different patient subgroups, including efficacy and safety outcomes potentially related to concomitant AED use. It also allows the assessment of safety topics of special interest, such as psychiatric and cognitive events, hypersensitivity reactions, and CNS-related symptoms; detailed reports of these safety topics of special interest were not included in the previous publication of pooled data from phase III trials of adjunctive ESL [8] .
Methods

Study design
The multinational, randomized, double-blind, placebo-controlled trials (301 [NCT00957684], 302 [NCT00957047], and 304 [NCT00988429]; registered at ClinicalTrials.gov) were conducted between July 2004 and January 2012. Standard procedures for protocol approvals, registration, and patient consents are described in Appendix 1. The design (including sample size calculations) of each study has previously been described [4, 5, 7] . Briefly, each study comprised 8-week baseline, 2-week titration, and 12-week maintenance periods (Fig. S1 ). The ESL titration and tapering-off schedules differed slightly between studies (Fig. S1B ). After the baseline period, eligible patients were randomized equally to receive placebo, ESL 400 mg (studies 301 and 302 only), 800 mg, or 1200 mg orally (in tablet form) QD; patients continued to receive stable dosages of baseline concomitant AEDs. Details of randomization and blinding and eligibility criteria are reported in Appendix 1. Patient inclusion and exclusion criteria have been reported previously [4, 5, 7] .
Efficacy assessments
The efficacy analysis was based on the modified intent-to-treat (mITT) population, which included all randomized patients who received ≥ 1 dose of the study drug and had ≥ 1 post-baseline seizure frequency assessment, but excluded patients from two sites in Poland in study 301 (see Appendix 1). Patients were excluded from these sites as seizure diaries were not provided as source records.
The primary efficacy endpoint was standardized seizure frequency (SSF; seizure frequency per 4 weeks) during the 12-week maintenance period. Key secondary endpoints included 50% responder rate (percentage of patients with ≥50% reduction in SSF between baseline and maintenance) and percentage change in SSF during maintenance, versus baseline. Other secondary endpoints were 75% responder rate during maintenance and rate of seizure freedom (100% reduction in seizure frequency) during maintenance (among patients who completed maintenance).
Safety assessments
Safety data were analyzed for all patients who received ≥1 dose of study drug. Further details of the safety assessments are described in Appendix 1.
Primary safety endpoints included the incidence of treatmentemergent adverse events (TEAEs), TEAEs leading to discontinuation, serious adverse events (SAEs), and deaths. Secondary safety endpoints included incidence of TEAEs for safety topics of special interest ("allergic reaction"; hyponatremia; psychiatric TEAEs; cognition-related TEAEs; "hepatic toxicity"; and cardiac rhythm and conduction disorders [see Appendix 1] ), and change in body weight and vital signs.
Statistical analysis
SSF was compared between treatment groups using an analysis of covariance that modeled natural log-transformed SSF as a function of treatment; natural logarithm of baseline SSF; number of concomitant AEDs at baseline; and study. Safety endpoints were analyzed using descriptive statistics. Further details of the statistical methods are detailed in Appendix 1.
Results
Patient disposition, demographics, and baseline characteristics
The safety and efficacy (mITT) analysis populations totaled 1447 and 1410 patients, respectively; patient disposition for the pooled analysis is outlined in Fig. S2 . Completion rates for the double-blind phase were 87% (placebo), 89% (ESL 400 mg), 82% (ESL 800 mg), and 71% (ESL 1200 mg). Total exposure to ESL during double-blind treatment was 246 patient-years (safety population). Baseline demographic and clinical characteristics were generally balanced between treatment groups (Table 1) . Carbamazepine (CBZ), lamotrigine, valproic acid, and levetiracetam were the most frequently used (by ≥15% of patients) concomitant AEDs. (7.7 [6.9-8.7] ), and suggested a dose-response relationship ( Table 2) . Compared with placebo, SSF was significantly lower with ESL 800 mg (p = 0.0001) and 1200 mg (b 0.0001), but not with ESL 400 mg ( Table 2 ). In addition, the median percentage reduction in SSF was numerically greater for all doses of ESL than for placebo; at higher ESL doses, the reduction in SSF was approximately double the magnitude that occurred with placebo ( Table 2) .
The 50% responder rate (95% CI) during the maintenance period was significantly greater with ESL 800 mg (32.3% [27. 6- Table 2 ). The 50% responder rate with ESL 400 mg was not significantly different to that with placebo. The number-needed-to-treat to achieve a response (50% reduction in SSF) was 9 and 5 for ESL 800 mg and 1200 mg, respectively. The effect size (difference between placebo and ESL treatment group) for 50% responder rate was 11% for ESL 800 mg and 20% for ESL 1200 mg. Compared with placebo, the 75% responder rate was also significantly greater with ESL 800 mg and 1200 mg, but not with ESL 400 mg ( Table 2 ). During the maintenance period, there was no significant difference in the rate of seizure freedom between treatment groups (Table 2).
Subgroup analyses
For the primary endpoint (SSF during the maintenance period), there were no statistically significant interactions between the effect of treatment and that of age (p = 0.7), gender (p = 0.6), race/ethnicity (p = 0.9), duration of epilepsy (p = 0.3), and geographic region (p = 0.9). Similarly, concomitant AED use during the baseline period (both number of AEDs and type of AED) had no statistically significant interaction with the effect of treatment on SSF. In particular, although in some ESL groups patients taking concomitant CBZ (the most frequently used baseline AED) had less marked improvements in efficacy outcomes than those taking other concomitant AEDs [9] , these differences in outcomes were not significant; concomitant CBZ use did not significantly influence the effect of ESL treatment on SSF (p = 0.2), change in SSF from baseline (p = 0.3), or responder rate (p = 0.6).
Efficacy of ESL by seizure type
Dose-dependent median reductions in SSF (from baseline) and 50% responses with ESL were apparent for simple partial seizures, complex partial seizures, and partial seizures evolving to secondarily generalized seizures (Table S1 ). 3.5. Safety 3.5.1. TEAEs The overall incidence of TEAEs with ESL was dose-related (Table 3 ). The median time to onset of TEAEs was 16 days for ESL (all doses combined) versus 31.5 days for placebo. There were no clinically meaningful differences in the median duration of individual TEAEs between treatment groups; median duration of dizziness (the most frequently reported TEAE with ESL) was 4 days for placebo, and 3 days, 5.5 days, and 5 days for ESL 400, 800, and 1200 mg, respectively. The most frequently reported TEAEs with ESL were dizziness, somnolence, nausea, headache, diplopia, vomiting, fatigue, vertigo, ataxia, and blurred vision (Table 3) ; most TEAEs were mild or moderate in severity.
Regardless of eventual maintenance dose, the incidence of TEAEs during double-blind treatment was lower for patients who began taking ESL at an initial dose of 400 mg (followed by 400 mg increments to 800 or 1200 mg) versus 800 mg (either continuing on 800 mg, or increasing to 1200 mg) ( Table 3) .
TEAEs leading to discontinuation of treatment occurred in 28 patients taking placebo (6.6%) and in 179 patients taking ESL (17.5% overall; the discontinuation rate appeared to be dose-dependent) ( Table 3 ). The overall incidence of SAEs with ESL was b10% (Table 3) . During the double-blind treatment period, two deaths occurred in the placebo arm (acute respiratory failure and possible sudden unexpected death in epilepsy [SUDEP]), and one in the ESL 800 mg arm (while taking ESL 400 mg during titration [status epilepticus, subsequently classified as probable SUDEP]). One patient drowned during the baseline period of study 304 (without having taken ESL).
Impact of concomitant AED use
Patients taking concomitant CBZ had higher placebo-adjusted rates of dizziness, diplopia, vomiting, and nausea (ESL 800 and 1200 mg groups), and lower placebo-adjusted rates of somnolence and tremor (ESL 1200 mg group) than those not taking CBZ (Fig. 1) . Concomitant lamotrigine, valproic acid, and levetiracetam did not substantially affect the incidence of TEAEs.
3.7. Safety topics of special interest 3.7.1. Allergic reaction
The incidence of TEAEs related to "allergic reaction" was comparable between the placebo and ESL treatment groups (placebo, 8.5%; ESL 400 mg, 9.2%; 800 mg, 9.2%; 1200 mg, 10.5%; Table 4 ). "Rash" was specifically reported for some of these patients (1.9% with ESL, 0.9% with placebo); incidence appeared to be dose dependent ( Table 4 ). The median time to onset of rash with ESL was 14 days (25% of events occurred within 9 days [i.e., during titration]; 75% occurred within 43 days). Severe rash was reported in one patient taking ESL 1200 mg. Rash leading to discontinuation occurred in 0.7% of patients taking ESL (all doses combined). Irrespective of titration schedule, incidence of rash was not clearly related to number of weeks on the ESL maintenance dose. Two "allergic reaction" cases with ESL were described as "serious skin reactions" ( Table 5 ). Analysis of the database indicated that one of these patients (ESL 1200 mg group) had combinations of AEs that potentially met RegiSCAR criteria for drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome; database analysis identified an additional potential case of DRESS in the ESL 400 mg group (Table 5) .
Hyponatremia
TEAE reports of hyponatremia appeared to be dose-related (placebo, 0.2%; ESL 400 mg, 0.5%; ESL 800 mg, 1.7%; ESL 1200 mg, 2.2%) ( Table 4) . Low serum sodium concentration (minimum post-dose concentration ≤ 125 mEq/L) occurred in 1.0% of patients taking ESL 800 mg and 1.5% of patients taking ESL 1200 mg, but in no patients taking placebo (Table 4 ). In addition, a reduction from baseline in minimum postdose sodium ≥ 10 mEq/L occurred in 4.7% and 6.5% of patients taking ESL 800 mg and 1200 mg, respectively, versus 0.7% of patients taking placebo (Table 4) . Baseline CBZ use had no notable effect on the placebo-adjusted incidence of hyponatremia with ESL (all doses combined; CBZ, 1.5%; no CBZ, 1.4%). There were too few TEAE reports of hyponatremia in patients taking lamotrigine (2.9%), valproic acid (1.9%), or levetiracetam (1.5%) to allow conclusions about the individual effects of these AEDs. Hyponatremia leading to treatment discontinuation occurred in 0.4% of patients taking ESL (400 mg, 0%; 800 mg, 0.2%; 1200 mg, 0.7%). The hyponatremia-related TEAEs of somnolence, nausea and vomiting were more frequent in patients taking ESL who had minimum post-dose serum sodium levels ≤ 125 mEq/L than in those with levels N125 mEq/L.
Psychiatric events
The most frequently reported psychiatric TEAEs were depression and insomnia, the incidences of which were low and similar between placebo and ESL (2.1% versus 2.4%, and 1.2% versus 2.0%, respectively) ( Table 4 ). The incidence of "depression and suicidality" events (identified by standardized MedDRA queries and questionnaire scores; Appendix 1) was numerically higher for ESL (8.9%) than for placebo (6.3%) ( Table 4) . "Suicidal ideation" was reported for one patient taking placebo (0.2%) and three patients in the ESL 800 mg group (0.7%) ( Table 4) , one of whom made an unsuccessful suicide attempt. There was one additional suicide attempt, during the baseline period.
Cognition-related TEAEs
The incidences of "cognition-related" TEAEs were greater for ESL (6.1%) than for placebo (3.8%) ( Table 4) . Memory impairment, and disturbance in attention were the most frequently reported cognitionrelated TEAEs (each reported for ≤ 1.5% of patients taking ESL [all doses combined]). Cognition-related TEAEs leading to discontinuation occurred in 1.2% of patients taking ESL (400 mg, 0.5%; 800 mg, 1.0%; 1200 mg, 1.7%).
Changes in hepatic function
TEAEs potentially related to changes in hepatic function were reported infrequently (placebo, 0.5%; ESL, 1.2%) ( Table 4 ). Increases Table 4 Adverse events of special interest. for TEAEs with absolute incidence ≥2% in any ESL dose group for either +CBZ or −CBZ, and ≥5% difference in incidence between +CBZ and −CBZ (for either ESL 800 mg or 1200 mg). a Placebo-adjusted incidence = incidence in ESL group minus incidence in corresponding placebo group. CBZ, carbamazepine; ESL, eslicarbazepine acetate; TEAEs, treatment-emergent adverse events.
in hepatic enzymes were rare. Alanine aminotransferase (ALT) levels N3 × the upper limit of normal (ULN) occurred infrequently (in ≤0.5% of patients) and at similar rates across treatment groups (Table 4) . No patients with ALT or aspartate aminotransferase N3 × ULN had gastrointestinal TEAEs, and no patients taking ESL had bilirubin levels N 1.5 × ULN.
Cardiac rhythm and conduction disorders
EKGs were reviewed in a blinded fashion by external cardiologists; no clinically relevant EKG changes were identified. At study end/earlytermination visit, no patients had a clinically relevant change in heart rate or prolongation of EKG interval (including PR and QT intervals).
Other safety assessments
Generally, changes in hematology and chemistry parameters appeared unrelated to ESL use. Decreases in free T3 and T4 from baseline were noted for some patients; mean (SD) changes from baseline to end of study/early termination (ng/dL) for free T3 were: placebo, 0.0014 (0.0688); ESL 400 mg, − 0.0015 (0.0445); ESL 800 mg, −0.0169 (0.0495); ESL 1200 mg, −0.0150 (0.0427); for free T4, mean (SD) changes were: placebo, 0 (0.2); ESL 400 mg, 0 (0.2); ESL 800 mg, − 0.1 (0.2); ESL 1200 mg, − 0.1 (0.2). These decreases in free T3 and T4 were not associated with other abnormal thyroid function test results suggestive of hypothyroidism. The incidence of hypothyroidism as a TEAE was b2% in all treatment groups. Overall, no clinically relevant changes in blood pressure, pulse rate, or body weight were identified.
Discussion
This post-hoc pooled analysis of data from~1400 patients with refractory POS allowed estimation of treatment effects in key patient subgroups, including those taking different concomitant AEDs and those from different geographic regions. The large dataset also allowed a detailed assessment of safety topics of special interest for AEDs.
Addition of ESL (800 mg or 1200 mg QD) to existing AED therapy led to significant reductions in SSF versus placebo, whereas ESL 400 mg did not significantly separate from placebo on any measures of efficacy. The effect of ESL appeared to be dose related for most measures. Responder rates (50% and 75%) for ESL 1200 mg were approximately double those for placebo. Rates of seizure freedom were relatively low in all treatment groups; this was based on a conservative estimate (number of seizure-free patients completing the study/number of patients in the mITT population), and was not unanticipated (patient baseline characteristics indicated long epilepsy duration and frequent seizures, despite use of 1-3 AEDs; Table 1 ). These results corroborate those of the three individual phase III trials of adjunctive ESL (studies 301, 302, and 304), and are consistent with the previous pooled analysis conducted by Gil-Nagel et al. [8] , whether or not study 303 was included (study 303 was not in accordance with GCP standards).
Demographics and age did not affect efficacy; there was no significant interaction between the effect of ESL treatment and age, race/ ethnicity, gender, concomitant AED use, duration of epilepsy, or geographic region, even though in study 304 (the first phase III ESL study to include North American patients) the effect of ESL on improvements in seizure frequency was found to be less marked in North American patients than in patients in the rest of the world [7] . This difference between regions may have been related to the use of a more rigorous daily entry diary system by the majority of patients in study 304, compared with the event entry diary system used by patients in studies 301 and 302. Also, differences in clinical practice, patient characteristics and placebo-response rate, as well as economic and cultural differences between regions, may have contributed towards these observed differences in seizure improvements. For all seizure types, the proportions of responders were numerically higher with ESL 800 and 1200 mg than with placebo.
Some evidence suggests that combinations of voltage-gated sodiumchannel (VGSC) modulators may be less effective than combinations of drugs with different mechanisms of action (MoAs), which may produce additive or synergistic effects [10] . The effects of both CBZ and lamotrigine may involve inhibition of VGSCs, and both were used by N15% of patients in this study. CBZ (used by~50% of patients in the current study) induces enzymes that metabolize eslicarbazepine, while eslicarbazepine is a moderate inducer of CYP3A4; potentially impacting exposure to eslicarbazepine and CBZ respectively (doses of ESL or CBZ may require adjustment, based on efficacy and tolerability) [11] [12] [13] . Despite this, there was no significant interaction between the effect of ESL treatment and use of carbamazepine, lamotrigine, valproic acid, or levetiracetam at baseline. However, improvements in seizure-related endpoints were somewhat greater among patients who were not taking concomitant CBZ versus those who were [9] .
ESL in combination with existing AED therapy was well tolerated in adults with refractory POS. Reported TEAEs were consistent with the known side effects of VGSC modulators (diplopia, dizziness, headache, vertigo, and somnolence), and most were of mild or moderate severity. With ESL (all doses combined), most TEAEs began soon after the start of treatment and were of relatively short duration (median 7 days; interquartile range 2-29 days). Although the incidence of TEAEs appeared dose related, rates were substantially lower in patients who began taking ESL 400 mg versus 800 mg (regardless of maintenance dose). Nevertheless, initiating ESL at 800 mg appeared safe (although less well tolerated), and so could be considered if a more rapid effect is needed.
There is evidence that when the side effects of co-administered drugs are similar (e.g., VGSC-modulator-associated side effects), that pharmacodynamic interactions may increase the likelihood of these side effects occurring [10] . Indeed, the incidences of dizziness, diplopia, and nausea were greater for patients taking ESL plus CBZ than for those taking ESL without concomitant CBZ. Reducing the CBZ dose may improve tolerability for patients taking ESL and CBZ; indeed, in study 304, CBZ dose reduction was allowed if patients showed improved efficacy but had tolerability issues, providing an opportunity for these patients to continue in the study. When drugs with a similar MoA are used in combination, a "threshold" of tolerability may be exceeded for a specific side effect; this may explain the pharmacodynamic interactions previously identified between lamotrigine and CBZ, and between CBZ and phenytoin (all putative VGSC modulators) [10] , and may also explain the current findings. In practice, if the baseline therapies are deemed to have been ineffective, their doses could be tapered, potentially reducing pharmacodynamic interactions. There was little evidence of additive toxicity between ESL and other AEDs; concomitant lamotrigine (a putative VGSC modulator), levetiracetam, and valproic acid did not notably alter the TEAE profile of adjunctive ESL (data not shown).
The overall incidence of rash with ESL was 1.9%. In the current analysis, two patients taking ESL developed rash with systemic signs, which were later classified as potential DRESS via a database analysis (this type of analysis was not conducted for previously developed AEDs, or in previous analyses of ESL data). The low incidence of hyponatremia appeared to be dose related.
Individual psychiatric TEAE incidences with ESL were b 2.5%. While AEs such as irritability, anxiety, and aggressive behavior have been associated with other AEDs [14, 15] , rates of aggression and agitation were comparable between ESL and placebo. Cognition-related side effects were also reported infrequently with ESL. Incidences of some cognition-related TEAEs, such as memory impairment, were dosedependent; no single cognition-related TEAE had an incidence N 1.5%.
The incidence of SAEs with ESL was 5.3%, and the most frequently reported SAEs were generally consistent with the underlying illness, or with TEAEs commonly associated with AEDs in general (e.g., seizures, ataxia, nausea, and vomiting) [16] [17] [18] .
A potential limitation of this analysis is that statistical comparisons of TEAE incidence were not prospectively planned. AE incidence was described using descriptive statistics only; the large number of possible comparisons reduces the power to determine statistical significance when corrections for multiplicity (e.g., Bonferroni) are applied. However, the large sample size allowed a more accurate estimation of the incidence of uncommon adverse events of special interest to epilepsy patients (e.g. rash). In post-hoc pooled analyses, findings of statistically significant differences in secondary efficacy endpoints should be interpreted with caution.
Other potential limitations relate to patient demographics and baseline characteristics. The inclusion criteria were slightly different between study 304 and studies 301 and 302. Study 304 randomized patients ≥16 years, whereas studies 301 and 302 randomized patients ≥18 years; this was a minor limitation as only a small number of randomized patients were aged 16-17 years. Baseline seizure frequency requirements differed slightly between studies but were all approximately equivalent to a baseline seizure frequency of ≥4 seizures per 4 weeks. A final point to note is that there is a potential underrepresentation of minorities (e.g., black, Hispanic), which may limit the generalizability of these results to the epilepsy population.
The results indicate that ESL (800 and 1200 mg QD) is an effective and well-tolerated option for adjunctive treatment of POS.
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